Since launch, lunar observations have been made on a regular basis for both Terra and Aqua MODIS and used in a number of applications for their on-orbit calibration and characterization, including radiometric stability monitoring, band-to-band registration (BBR) characterization, optical leak and electronic cross-talk characterization, and calibration inter-comparisons with others sensors. MODIS has 36 spectral bands, consisting of a total of 490 individual detectors, which are located on four different focal plane assemblies (FPAs). This paper focuses on the use of MODIS lunar observations for its on-orbit BBR characterization in both along-scan and along-track directions. In addition to BBR, study of detector-to-detector registration (DDR) through the use of lunar observations is also discussed. The yearly averaged BBR results developed from MODIS lunar observations are presented in this paper and compared with that derived from its on-board calibrator (OBC). In general, results from different approaches agree well. Results show that on-orbit changes in BBR have been very small for both Terra and Aqua MODIS over their entire missions. It is clearly demonstrated in this paper that the lunar approaches developed and applied to MODIS can be effectively used by other sensors for their on-orbit BBR and DDR characterization.
INTRODUCTION
MODIS was developed to make frequent observations of the earth's surface properties that would enable studies of its land, oceans, and atmosphere, their interactions and impact to the global environment and climate change 1 . It is a key instrument for the NASA's EOS Terra and Aqua missions. Since launch, nearly 40 science products have been continuously produced from Terra (and Aqua) MODIS observations and widely distributed to the end users. Though each having a 6-year instrument design lifetime, both Terra and Aqua MODIS have successfully operated for more than 11 and 9 years, respectively. MODIS is a cross-track scanning radiometer with its earth view (EV) data collected in 36 spectral bands covering wavelengths from 0.41 to 14.4 μm. In addition to its EV observations, MODIS collects data from its on-board calibrators (OBCs), which include a spectroradiometric calibration assembly (SRCA) designed to track on-orbit changes in its radiometric, spatial, and spectral calibration and characterization parameters. A few examples of these parameters are detector radiometric gains, band-to-band registration (BBR) in along-scan and along-track directions, detector modulation transfer function (MTF) in along-scan direction, center wavelengths, and bandwidths [2] [3] [4] .
As part of MODIS on-orbit calibration and characterization strategies developed by the MODIS Characterization Support Team (MCST), lunar observations over a very small range of phase angles have been made through its space view (SV) port on a regular basis since the beginning of each mission. Similar to the use of its OBC data, MODIS lunar observations can provide sensor radiometric stability monitoring, BBR and detector-to-detector registration (DDR) characterization. Furthermore, lunar observations can also be used for sensor optical leak and electronic cross-talk characterization, and calibration inter-comparisons with other sensors 5 . This paper describes the use of MODIS lunar observations for its on-orbit BBR and DDR characterization. All the visible (VIS) and near infrared (NIR) spectral bands that do not saturate when viewing the Moon are included in this study. The SWIR bands have a known issue due to thermal leak and electronic crosstalk identified during prelaunch characterization. The lunar BBR is not discussed in this paper. The BBR results derived from lunar observations are compared with that derived from the OBC. An overall good agreement between the two approaches indicates that the lunar observations can be used by other sensors in support of their on-orbit BBR and DDR characterization. Except for their initial offsets or shifts identified from sensor pre-launch calibration and characterization, on-orbit changes in the BBR and DDR have been very small, less than ±50 m for most VIS and NIR bands. Results presented in this paper have clearly demonstrated excellent spatial performance for both Terra and Aqua MODIS over their entire missions.
MODIS SPECTRAL BANDS AND LUNAR OBSERVATIONS
MODIS 36 spectral bands, consisting of a total of 490 individual detectors, are located on four different focal plane assemblies (FPAs) according to their wavelengths, VIS, NIR, short-and mid-wave infrared (SMIR), and long-wave infrared (LWIR). The FPAs and corresponding spectral bands are illustrated in Figure 1 . MODIS observations are made at three different spatial resolutions (nadir): 250 m for bands 1-2, 500 m for bands 3-7, and 1 km for the remaining bands 8-36. For reference purposes, the VIS and NIR spectral band center wavelengths are listed in Table  1 . Bands 1 and 2 have 40 detectors each, bands 3 and 4 have 20 detectors each, and others (excluding bands 13 and 14) have 10 detectors each. Spatially, each 1 km resolution pixel (data frame) is matched by 16 250 m resolutions pixels (4 detectors along-track with 4 sub-frames along-scan from each detector) and 4 500 m resolutions pixels (2 detectors along-track with 2 sub-frames along-scan). Bands 13 and 14 each with a pair of 10-detector arrays make time-delay and integration (TDI) observations. Since launch, regularly scheduled lunar observations have been made by both Terra and Aqua MODIS. MODIS lunar observations are made through its SV port at nearly the fixed phase angles and implemented via spacecraft roll maneuvers. To date, more than 100 and 80 lunar observations have been made for Terra and Aqua MODIS, respectively. As mentioned earlier that MODIS lunar observations have been used for many different applications to support its on-orbit calibration and characterization. This paper focuses on the use of lunar observations for the BBR and DDR characterization. For bands 13-16, detector responses are saturated when viewing the Moon. As a result, all MODIS VIS and NIR spectral bands 1-4, 8-12, and 17-19 are studied in this paper.
Table1 MODIS VIS and NIR spectral band center wavelengths (CW). 
VIS

BBR CHARACTERIZATION USING LUNAR OBSERVATIONS
Though based on the same physical principle, two different approaches have been developed and applied to study MODIS BBR and DDR. The first approach, described by Xiong et al (SPIE 2003) , determines the BBR and DDR by minimizing the difference between two normalized lunar (radiance) profiles from a selected pair of bands or detectors in a band, respectively 6 .
Step-by-step, the lunar BBR characterization process can be summarized in the following:
• Construct detector lunar radiance profiles (correct detector gain differences) • Sum over all detectors and scans for each frame in each band and normalize over frames (for BBR along-scan) • Sum over all detectors and frames for each scan in each band and normalize over scans (for BBR along-track) • Compare the normalized radiance profiles between a given band pair and find the shift in scan/frame direction that yields the minimal difference between their normalized radiance profiles (band 1 is often used as the reference band)
For BBR along-track, an over-sampling factor for each lunar calibration event needs to be corrected.
In the case of DDR characterization, all the above steps are followed and the radiance profiles between a given detector and a reference detector (normally detector 1 of each spectral band) are compared to yield the minimum difference between their normalized radiance profiles. Obviously, no summing over detectors in each band is needed. During MODIS lunar observations, difference detectors in the same band start and, therefore, finish their lunar scans at slightly different time, an additional correction factor, depending on the movements of the Moon and satellite, must be applied to all detectors. This correction is detector dependent and differs in along-scan and alongtrack directions.
The second approach of using the Moon for MODIS BBR and DDR characterization is to calculate the centroid directly from detector response profiles in both directions. The centroid difference between a given band pair or a given detector pair in each band is related to the BBR and DDR. This approach is very similar to the one used by SRCA to characterize sensor BBR 3 . Again, corrections need to be applied when using the Moon to account for the effect due to lunar over-sampling factor and shifts caused by the moving satellite and Moon. There are two fixed reticles used in SRCA spatial characterization mode. Since MODIS is a scanning radiometer and there are no relative movements of reticles across all the detectors in each band, the DDR in along-track detection cannot be determined from MODIS on-board SRCA. Using the Moon, BBR and DDR can be determined in both directions.
RESULTS AND DISCUSSIONS
Results of Terra MODIS BBR determined from its on-orbit lunar observations (first approach) are presented in Figure 4 for the along-scan direction and Figure 5 for the along-track on a yearly average basis. All results or the BBR shifts are relative to band 1. Different colors are used for results of different years from 2002 to 2011. For most of the VIS and NIR band pairs, the BBR shifts are within 0.1 km for both scan and track directions, meeting the specified design requirement 3 . This is also the case for most Aqua MODIS VIS and NIR spectral bands, whose along-scan and along-track BBR are shown in Figures 6 and 7 , respectively.
For comparison, corresponding results determined from its on-board SRCA are shown in Figures 8-11 . In general, the BBR results determined from lunar observations and on-board SRCA measurements are in good agreement to within a few tenths of 1 km pixel size, indicating the effectiveness of using the Moon for sensor spatial characterization. In addition to BBR, the on-board SRCA measurements can be used to characterize the DDR along-scan. Since SRCA reticles are fixed and their images are created via continuous mirror scans, the DDR cannot be derived in the along-track direction 3 . On the other hand, during each MODIS lunar calibration event, the Moon gradually moves across all detectors located on each FPA. Its velocity vector has components in both directions. Consequently, lunar observations can be used for DDR characterization in both along-scan and along-track directions. Figure 12 illustrates Terra MODIS band 8 lunar DDR (relative to detector 1) in both directions. The DDR results are also presented in this paper on a yearly average basis like BBR results over the same period from 2002 to 2011. Apart from initial DDR, on-orbit changes in DDR are very small. Shown in Figure 13 are Aqua MODIS band 8 DDR results.
The second lunar approach has also been applied to characterize MODIS BBR and DDR. The results are generally consistent with that from the first lunar approach, except that the DDR shifts in the along-scan direction from second lunar approach are slightly smaller than those derived using the first lunar approach. Future effort will be made to examine and resolve the difference and to improve the corrections applied in the lunar DDR calculation. Nevertheless, this work has clearly demonstrated that sensor lunar observations can be used for its on-orbit BBR and DDR characterization. 
SUMMARY
Different approaches of using sensors' lunar observations for their on-orbit band-to-band registration (BBR) characterization are described. BBR results derived from both Terra and Aqua MODIS lunar observations are presented and compared to that determined from their on-board spectroradiometric calibration assembly (SRCA). Good agreement between BBR results from the Moon and SRCA has demonstrated that lunar observations can be used for sensors' on-orbit BBR characterization. This is extremely useful for sensors without on-board calibrators like MODIS. In addition to BBR, lunar observations can be used to characterize detector-to-detector registration (DDR) in both along-scan and along-track directions. As illustrated in this paper that the spatial performance, in terms of BBR and DDR, has been very stable for both Terra and Aqua MODIS instruments throughout their entire missions.
